Background {#Sec1}
==========

Reactive oxygen and nitrogen species (ROS and RNS), collectively named free radicals, are generated spontaneously in all aerobic organisms \[[@CR1]--[@CR4]\]. The mechanism termed redox balance ensures that the production of free radicals is not harmful to biological systems by preventing the excessive formation and action of ROS and RNS or by favoring the repair and reconstruction of biological structures that have been affected by them \[[@CR5], [@CR6]\]. Antioxidant defense mechanisms essential to redox balance are composed of enzymatic and non-enzymatic antioxidants. Enzymatic antioxidants include catalase, glutathione peroxidase (GPx), glutathione reductase (GSR) and superoxide dismutase (SOD). Non-enzymatic antioxidants include antioxidant compounds, such as glutathione and vitamins A, C and E \[[@CR7]\]. Oxidative stress is an imbalance in redox status, towards excess ROS and RNS generation \[[@CR6], [@CR8], [@CR9]\]. When the total antioxidant capacity (TAC) decreases or free radical levels increase \[[@CR10]\], these exacerbated ROS and RNS formations can damage lipids, proteins and nucleic acids by modifying their expression, structure and function \[[@CR11]--[@CR13]\].

Oxidative stress damage to cells and tissues plays an important role in several pathological processes, including cardiovascular disease \[[@CR14], [@CR15]\], cancer \[[@CR16]--[@CR18]\], chronic inflammation \[[@CR19]\], neurological disorders \[[@CR20]\], metabolic syndrome \[[@CR21], [@CR22]\] and pregnancy complications \[[@CR1], [@CR6], [@CR9], [@CR23], [@CR24]\]. Recent reports have linked spontaneous preterm birth (PTB) and preterm premature rupture of membranes (pPROM) pathophysiology to oxidative stress damage, where the latter is associated with oxidative stress-induced inflammation and considered as the disease of the fetal membranes \[[@CR25], [@CR26]\].

Despite the multifactorial etiology of PTB, intra-amniotic infection followed by maternal inflammatory response activation is reported as the major risk factor for PTB and is present in approximately 40% of preterm pregnancies \[[@CR27]--[@CR30]\]. pPROM in labor is associated with approximately 75% of infection \[[@CR31]\]. The inflammatory response in the amniochorion membranes in response to bacterial infection can be diagnosed using clinical or histological criteria. Histologic chorioamnionitis (HC) is defined by the presence of polymorphonuclear cell (PMN) infiltrate in the amniochorion membranes \[[@CR32]\].

Bacterial phagocytosis by PMNs during an inflammatory process results in an oxidative burst that is an antimicrobial mechanism characterized by the rapid generation and release of ROS and RNS, leading to oxidative stress \[[@CR33]\]. Oxidative stress, in turn, can initiate intracellular signaling cascades that increase the production of pro-inflammatory mediators \[[@CR34], [@CR35]\]. Recent reports suggest that a substantial number of PTB and pPROM are associated with sterile inflammation in the absence of documented intra-amniotic infection or histologic chorioamnionitis. This is indicative of an alternate pathophysiology that can lead to an inflammatory process. Oxidative stress-induced senescence and senescence associated with inflammation, termed as sterile inflammation, has been linked to both PTB and pPROM. Both infectious and sterile inflammation exhibit a similar set of biomarkers. This study was conducted to assess oxidative stress-induced damage by determining protein peroxidation and total antioxidant capacity of fetal membranes from pregnancies complicated by PTB and pPROM compared with normal term pregnancies and evaluate the role of histologic chorioamnionitis in this scenario.

Methods {#Sec2}
=======

The research project was approved by the Research Ethics Committee Board of the Federal University of Paraíba (UFPB), under protocol no. 1255858. Written informed consent was obtained from all the participants, and sociodemographic and behavioral data were acquired from patient medical records.

Study population {#Sec3}
----------------

This cross-sectional study was conducted in the Obstetrics Unit of the UFPB Lauro Wanderley Hospital, Paraíba State, Brazil, and in the Laboratory of Immunopathology of the Maternal-Fetal Relationship of the Department of Pathology of Botucatu Medical School, São Paulo State University (UNESP), São Paulo State, Brazil, from January to December 2014. Eighty-four pregnant women were enrolled. The preterm group was composed of 27 pregnant women who presented PTB with intact membranes and 27 pregnant women who presented pPROM. All these pregnant women delivered before 37 weeks of gestation. The term group was composed of 30 normal pregnant women in labor. Normal pregnancy was defined as singleton full-term and uneventful pregnancy, with no chronic or gestational medical conditions. The PTB, pPROM and term groups were subdivided according to the presence or absence of histologic chorioamnionitis.

The exclusion criteria were as follows: BMI \> 30 kg/m^2^, preeclampsia, HELLP syndrome, gestational diabetes, hypertension, multiple pregnancies, cervical isthmus incompetence, placenta previa, placental abruption, RH-incompatibility, oligohydramnios or polyhydramnios, intrauterine growth restriction, malformation or fetal death, systemic infection, thyroid disease, HIV infection and drug and/or tobacco use.

Gestational age was calculated from the first day of the last menstrual period and/or by first-trimester ultrasound examination. Clinical diagnoses of PTB were made based on the following criteria: uterine contractions ≥4 per 20 min, cervical dilatation of at least 1 cm and cervical ripening \[[@CR36]\]. pPROM was defined as the leakage of amniotic fluid prior to the onset of labor. This condition was confirmed with vaginal discharge pH ≥7 and/or positive result in an AmniSure test \[[@CR37]\].

Sample collection and histopathological analyses {#Sec4}
------------------------------------------------

Amniochorion membranes were collected and cleaned of blood clots and decidua in sterile conditions after placental delivery, flash frozen in liquid nitrogen and stored at −80 °C until processing. Samples of the membranes were fixed in 10% formalin, embedded in paraffin, sectioned and stained with hematoxylin and eosin for histopathological analyses. Histologic chorioamnionitis was diagnosed by the presence of neutrophilic infiltration in amniochorion membranes, as described by Redline et al. \[[@CR32]\].

Measurement of 3-nitrotyrosine levels {#Sec5}
-------------------------------------

Protein peroxidation was determined using the 3-nitrotyrosine (3-NT) ELISA Kit, according to the manufacturer's instructions (Abcam, Cambridge, UK). 3-NT is a product of protein tyrosine nitration resulting from oxidative damage to proteins by peroxynitrite, which can result in changes in protein structure, function and catalytic activity.

Amniochorion membrane sections of 25 mg were prepared for the assay by grinding with liquid nitrogen and homogenization with 1 mL of PBS. Next, aliquots were prepared containing 60 μL of tissue homogenate to which 240 μL of extraction buffer containing protease inhibitor were added. The samples were incubated on ice for 20 min. Tissue homogenates were centrifuged at 16000 x g for 10 min at 4 °C and the supernatants were collected immediately and stored at −20 °C.

The total protein concentration of all samples was measured by the Bradford protein assay, according to the manufacturer's instructions (Bio-Rad, CA, USA), and then adjusted to 1 mg/mL.

A standard curve was obtained in parallel to each assay and the absorbance results were converted to pg/mL. At the end of the reaction, the absorbance was read spectrophotometrically at 450 nm in an automatic ELISA reader (Biotek Instruments Inc., Winooski, USA) and the concentration of 3-NT in each sample was determined by comparison with a standard curve. All the samples were tested in duplicate. The minimum detectable 3-NT level for assays was 0.053 ng/mL.

Measurement of carbonyl levels {#Sec6}
------------------------------

Protein carbonylation represents the most frequent and usually irreversible oxidative modification affecting proteins. In this study, a modified dinitrophenylhydrazine (DNPH) assay was performed. The principal method used to evaluate protein carbonylation is protein carbonyl derivatization with 2,4 DNPH, followed by spectrophotometric measurement, in which NaOH is added to the protein solution after the addition of DNPH, triggering an increase of the maximum absorbance wavelength of derivatized proteins from 370 to 450 nm. This increase minimizes the background of free DNPH that are read at 366--370 nm \[[@CR38]\].

Amniochorion membrane sections of 25 mg were prepared for the assay by grinding with liquid nitrogen and homogenization with 1 mL of PBS containing the anti-protease cocktail. Tissue homogenates were centrifuged at 1600 x g for 10 min at 4 °C and the supernatants were immediately collected and stored at −20 °C. The total protein concentration of all samples was measured by the Pierce BCA assay, according to the manufacturer's instructions (Thermo Fisher Scientific, MA, USA).

Aliquots of 100 μL were placed in a 96-well plate, and then 100 μL of DNPH solution (19.8 mg DNPH in 10 mL HCl2M) were added. The plate was incubated for 10 min at room temperature and then 50 μL of NaOH 6M were added to all wells. After exactly 10 min incubation at room temperature, the absorbance was read spectrophotometrically at 450 nm in an automatic reader (Biotek Instruments Inc., Winooski, USA). All the samples were tested in duplicate. The concentration of protein carbonyls was quantified using the molar absorption coefficient of 22,000 M^−1^ cm^−1^ \[[@CR39]\].

Measurement of total antioxidant capacity {#Sec7}
-----------------------------------------

Total antioxidant capacity was assessed using the antioxidant assay kit, according to the manufacturer's instructions (Cayman Chemical, Ann Arbor, MI). This protocol assesses the combined activities of enzymatic and non-enzymatic compounds of the antioxidant system.

Amniochorion membrane fragments of 25 mg were prepared for the assay by grinding with liquid nitrogen and homogenization with 1 mL of PBS containing the anti-protease cocktail. The assay is based on the ability of the antioxidants presented in the homogenate to inhibit the oxidation of 2,2′-azino-di-\[3-ethylbenzthiazoline sulfonate\] (ABTS) to ABTS^+^ by metmyoglobin. The amount of ABTS^+^ produced was assessed spectrophotometrically at 405 nm. The antioxidant capacity in the sample to prevent ABTS oxidation was compared with Trolox, a water-soluble tocopherol analogue, and results were expressed as millimolar Trolox equivalent (mM Trolox). All the samples were tested in duplicate. The minimum detectable TAC level for assays was 0.004 mM.

Statistical analysis {#Sec8}
--------------------

The Kolmogorov-Smirnov test was used to check the normality of the data. Regarding sociodemographic and obstetric variables, ethnicity, parity and Apgar 1 were compared between the groups using the Fisher exact test, while the variables maternal age, gestational age and newborn weight were compared using the nonparametric Kruskall-Wallis test.

The levels of 3-NT, carbonyl and TAC were compared among PTB, pPROM and term groups using the nonparametric Kruskall-Wallis test and between presence and absence of HC in each group using the nonparametric Mann-Whitney test. A *p* value \<0.05 was considered statistically significant. The software used was SigmaStat Software version 3.1.

Results {#Sec9}
=======

Sociodemographic characteristics {#Sec10}
--------------------------------

Sociodemographic, obstetric and neonatal characteristics of the patients included in the study are presented in Table [1](#Tab1){ref-type="table"}. No statistically significant differences were verified in maternal age, ethnicity, parity and Apgar 1 among the groups studied. As expected, given the study design, gestational age at delivery (*p* \< 0.001) and newborn weight (*p* \< 0.001) were statistically higher in the term group compared with the PTB and pPROM groups**.** Table 1Sociodemographic, obstetric and neonatal characteristics of the study populationCharacteristicsPTB (*n* = 27)pPROM (*n* = 27)TERM (*n* = 30)*p*-valueMaternal age (years)\*21 (19.25--24.0)24 (17.5--32.0)23 (20.0--27.25)NSEthnicity**White**33.3% (9/27)22.2% (6/27)13.3% (4/30)NS**Non-white**66.7% (18/27)77.8% (21/27)86.7% (26/30)NSGestational age (days)\*245 (165--256)^a^238 (182--252)^a^273 (259--294)^b^\<0.001Newborn weight (g)\*2340 (630--3085)^a^2255 (760--3550)^a^3300 (2600--4690)^b^\<0.001Parity**Primiparous**37% (10/27)48.1% (13/27)33.3% (10/30)NSApgar 1° min**\<7**18.5% (5/27)14.8% (4/27)3.33% (3/30)NSValues followed by the same letter do not differ*NS* not significant\*Values expressed as median(min-max)

Histopathological findings {#Sec11}
--------------------------

Histologic chorioamnionitis was present in 22.2% (6/27) of the PTB group, 51.8% (14/27) of the pPROM group and 13.3% (4/30) of the term group. Following stratification according to histologic chorioamnionitis grading, moderate/severe cases were observed in 66% (4/6) in the PTB group, 21% (3/14) in the pPROM group and 25% (1/4) in the term group.

Oxidative stress and antioxidant capacity {#Sec12}
-----------------------------------------

### Quantitation of protein damage markers and total antioxidant capacity in amniochorion membranes {#Sec13}

3-NT concentrations, an indicator of protein peroxidation and oxidative stress, was not significantly different between the groups. However, protein oxidative damage determined by carbonyl levels was lower in the PTB group in comparison with the pPROM and term groups (*p* \< 0.001). Furthermore, the PTB group had higher TAC compared with the pPROM and term groups (*p* = 0.002) (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Levels of 3-NT (pg/mL), carbonyl (nmol/mg) and TAC (mM) in amniochorion membranes from the PTB, pPROM and term groups. Horizontal bars represent the median values. Kruskal-Wallis test. \**p* \< 0.05. *Abbreviations*: 3-NT, 3-nitrotyrosine; pPROM, preterm premature rupture of membranes; PTB, preterm birth; TAC, total antioxidant capacity

Quantitation of protein damage markers and total antioxidant capacity in amniochorion membranes based on histologic chorioamnionitis {#Sec14}
------------------------------------------------------------------------------------------------------------------------------------

Analyses of protein oxidative damage and total antioxidant capacity among the groups considering HC status are presented in Fig. [2](#Fig2){ref-type="fig"}. Protein oxidative damage assessed by 3-NT (Fig. [2a](#Fig2){ref-type="fig"}) and carbonyl (Fig. [2b](#Fig2){ref-type="fig"}) levels did not differ between the presence and absence of HC groups, regardless of gestational outcome. Similar data were obtained in relation to antioxidant capacity determined by TAC (Fig. [2c](#Fig2){ref-type="fig"}).Fig. 2**a** Levels of 3-NT (pg/mL) in amniochorion membranes from the PTB, pPROM and term groups with and without HC. **b** Levels of carbonyl (nmol/mg) in amniochorion membranes from the PTB, pPROM and term groups with and without HC. **c** TAC (mM) in amniochorion membranes from the PTB, pPROM and term groups with and without HC. Horizontal bars represent the median values. Mann-Whitney test. *Abbreviations*: 3-NT, 3-nitrotyrosine; HC, histologic chorioamnionitis; pPROM, preterm premature rupture of membranes; PTB, preterm labor; TAC, total antioxidant capacity

Discussion {#Sec15}
==========

Inflammation is the physiological effecter of term parturition and the pathological initiator of labor in both PTB and pPROM. Inflammatory changes in gestational tissues result in the modification of membrane structural integrity, activation of myometrial contraction and cervical ripening that are simultaneous mechanisms responsible for the onset of labor \[[@CR40]\]. Moreover, infection-induced inflammation and other risk factors for pPROM and PTB, including behavioral risks (e.g. cigarette smoking, alcohol and drug use), poor nutrition and obesity, can cause a redox imbalance, increasing the release of free radicals and consuming antioxidant defenses \[[@CR6], [@CR41], [@CR42]\].

In this study, we demonstrated that amniochorion membranes from pregnancies complicated by pPROM showed higher protein oxidative damage and lower antioxidant capacity than those complicated by PTB. This is consistent with previous reports by Dutta et al. \[[@CR25]\], who reported oxidative stress-induced damaged and damaged associated senescence as salient features of pPROM, but not in PTB when membranes were intact. Although there are etiological similarities between PTB and pPROM, our results also support mechanistic differences in pPROM and PTB pathways.

Menon et al. \[[@CR6]\] reported that fetal membranes from pPROM have pronounced damage due to oxidative stress and proteolysis, whereas in PTB this oxidative damage is minimal. Compelling evidence suggests that pPROM may result from chronic oxidative stress in response to sustained exposure to risk factors, whereas PTB may be a consequence of acute oxidative stress \[[@CR6], [@CR43]\]. It has been suggested that an important mechanism associated with pPROM is the imbalance of redox status, where lower antioxidant status and higher oxidative stress-induced tissue damage triggers the weakening and rupture of fetal membranes. Alternately, better antioxidant capacity present in membranes from PTB can balance the acute oxidative stress allowing the cell to resist oxidative damage and membrane rupture. However, the risk factors may still cause host immune and inflammatory response sufficient to cause preterm labor. Thus, PTB pathophysiology shows a predominance of inflammatory process, while pPROM presents an intense oxidative damage of tissue, activation of senescence and senescence associated inflammation. Infection in some cases of pPROM is likely secondary, resulting from membrane damage leading to its dysfunctional status, and reduced antimicrobial resistance allowing the ascendance of microbes. Reinforcing this idea, our results showed a predominance of moderate/severe cases of HC in 66% of the PTB group, whereas mild HC was predominant in 79% of the pPROM group.

At term, oxidative stress and fetal membrane senescence are a well-described condition, probably resulting from physiological aging of the placenta and membranes that lead to labor and delivery \[[@CR44], [@CR45]\]. Herein, we demonstrated that the protein oxidative damage observed in pPROM amniochorion membranes was similar to that observed in term membranes. This similarity corroborates the hypothesis that elevated oxidative stress in pregnancies complicated by pPROM accelerates the premature senescence and aging, senescence-associated inflammation and proteolysis in amniochorion membranes, predisposing these to membrane rupture and the onset of labor \[[@CR25], [@CR45]\].

Following the evaluation of protein oxidative damage and antioxidant status in amniochorion membranes, we further determined the role of HC in the oxidative stress profile in each gestational outcome. HC was diagnosed in approximately 13% of term pregnancies and over 37% of preterm pregnancies. These data are in agreement with other studies, which demonstrated that HC is diagnosed in approximately 20% of term pregnancies and over 50% of the PTB. The majority of these cases are not associated with clinical signs and symptoms of infection \[[@CR46]--[@CR48]\].

In our study, protein oxidative damage and antioxidant capacity in amniochorion membranes did not differ based on HC status, regardless of gestational outcome. These data corroborate the findings of Kacerovsky et al. \[[@CR49]\] and Musilova et al. \[[@CR50]\], who observed that oxidative stress markers in pregnancies complicated by pPROM were not influenced by intra-amniotic infection, nor by HC, when measured in amniotic fluid and umbilical cord blood, respectively. These results disagree with those reported by Temma et al. \[[@CR51]\], who showed increased oxidative stress in human placenta with HC. Similarly, a recent study by Cháfer-Pericás et al. \[[@CR52]\] demonstrated elevated oxidative stress in amniotic fluid in the presence of intra-amniotic infection. Additionally, Perrone et al. \[[@CR53]\] observed that HC was associated with higher oxidative stress levels in umbilical cord blood. The apparent disagreement between studies may reflect differences in the definition of the phenotype studied, the biological samples analyzed and analytes measured, as well as methodologies used in each study. It is likely that HC is a secondary phenomenon that is risk exposure and mechanism dependent, where type of host inflammatory response and biochemical (cytokines/chemokines) may determine HC outcome and thus HC is a consequence of several pathological processes.

There are limitations in our study. The first of them is the small sample size of each group when subdivided by the histopathological status of amniochorion membranes. In addition, the discrepancy between the results of the methodologies used to determine protein oxidative damage may be explained by intrinsic differences present in each technique. Determining protein carbonyl content is the most general indicator of oxidative protein damage. In addition, due to its long lasting stability of the samples under the storage conditions described, measurement of protein carbonyl content is considered a reliable marker of protein oxidation \[[@CR54]--[@CR56]\]. 3-NT quantification, in turn, is used to evaluate the protein oxidative damage more specifically, since it is a product of protein tyrosine nitration \[[@CR57]\]. Moreover, 3-NT quantification requires sensitive analytical methods because it is typically a low-yield process \[[@CR57]\]. Endogenous levels of 3-NT are severely low and usually close to or below the limits of detection of the currently available analytical assays \[[@CR57]\]. Future studies by our group will examine lipid, nucleic acid and other cellular elemental damage and independent determination of multiple antioxidants.

Conclusion {#Sec16}
==========

Taken together, our results suggest that increased oxidative stress and reduced antioxidant capacity are similar in amniochorion membranes from women who present pPROM and term pregnancies, reinforcing that accelerated premature senescence, senescence-associated inflammation and proteolysis predispose to pPROM. In this scenario, histologic chorioamnionitis does not modulate oxidative stress or antioxidant status profile.
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